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ABSTRACT

The clothes dryer is the second highest consumer of electricity among household
appliances in the U.S. However, few improvements have been made to the overall design
of dryers since the 1970s. For this reason, energy efficiency research in domestic clothes
dryers is a promising topic. In order to effectively and accurately research and test
efficiency and design of new prototypes of the dryer, a mathematical model of the airvented, residential dryer was created in the Energy Systems Lab at Western Kentucky
University, using the text-based environment of MATLAB. This model was developed
and simulated using numerical solver techniques. This model characterizes the multiphysics nature of the drying process, specifically its heat and mass transfer equations.
The model does not account for clothes motion. This thesis adapts the model from the
MATLAB environment into a new modeling software, Dymola, which is object-oriented
and will be used for the future of the lab. The Dymola model is simulated and its results
are compared to both the MATLAB model and experimental data. This model provides a
foundation not only for further research on the clothes dryer and other appliances but also
for modeling and simulation of a myriad of complex, multi-physics systems. The key
attributes of Dymola and its comparison to MATLAB are also discussed.

Keywords: Modeling and simulation, multi-physics, drying process, Dymola
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CHAPTER 1
INTRODUCTION
American consumers spend $9 billion to use clothes dryers every year, according to
the National Resources Defense Council (NRDC) [1]. Like all household appliances,
clothes dryers have made household chores easier and faster. Unlike many other
household appliances however, clothes dryers continue to have poor energy efficiency
ratings and lack the technological innovations that their housemates have achieved [1].
While the refrigerator and the clothes washer received Energy Star standards in 1996 and
1997, respectively, the clothes dryer did not receive an Energy Star standard1 until 2014,
nearly 20 years later [2].
This lack of energy efficiency manifests itself in the amount of electricity that the
dryer uses. According to a Department of Energy (DOE) chart (Fig.1), the clothes dryer
consumes the second largest amount of electricity among household appliances, after the
water heater. This is quite a bit of electricity use for an appliance that is only run once or
twice a week, as compared to an appliance like the refrigerator that is running constantly.
This means significant negative economic impacts for the consumer. The DOE estimates
that the average American household spends $1340 per year on electricity with almost
$100 of this expense going to the clothes dryer [3]. Over an average 10-year lifespan of a

1

A 2014 Energy Star label indicates that the dryer uses 20% less energy than the federal minimum
efficiency standards for 2015 [15].

1

clothes dryer, this is $1000 that is used solely to operate the dryer. Consider if there was
even a 20% decrease in electric use by the clothes dryer. This would drop the yearly
expense of the dryer to $80, or $800 over its entire lifetime.

Figure 1: The kwh/year for common household appliances [3]
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Of the efficiency research done on the dryer, much of the research has focused on
mathematical modeling and simulation of the dryer. Deans created a mathematical model
of the dryer and validated the model using performance tests [4]. Tranxuan and Deans
also created a computer simulation of the dryer and validated it [5].
Another model that focused on thin-layer clothing in an air-vented dryer, was
created in the Energy Systems Lab, here at Western Kentucky University [6]. This model
provided a prediction for the clothes temperature and water content in clothes for cotton
fabrics and polyester fabrics of various load sizes. This model was developed using
MATLAB computing software and mathematical equations to describe the drying
process. While this model offers a beneficial prediction, it is very math-intensive and
difficult to follow, due to the solving techniques used. This thesis develops a more userfriendly model that is object-oriented and physics-based, rather than the more code- and
math-intensive MATLAB version. A user-friendly modeling environment is crucial
because the Energy Systems Lab hopes to continually improve the model. This model
will be used for energy efficiency research of the dryer. A model that can easily be edited
and revised, as well as easily understandable, is vital for this goal. The modeling software
used is Dymola, a multiphysics, object-oriented modeling environment that uses the
Modelica language. A more in-depth discussion of modeling and simulation, as well as of
the Dymola software, follows.
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Simulation
Simulation is a useful approach for energy efficiency research because it fosters
the understanding of a physical phenomenon and also allows for the efficient and costfriendly design of prototypes. Also, modeling and simulation is one of the most prevalent
steps in new product development. The R&D (research and development) industry uses
this “virtual prototyping” to save time and expense.
Modeling and simulation creates a representation of a system moving through
time and space in order to observe and predict behavior of that system. A simplified
model is created and simulated to explain the essence of how the system works. There are
many advantages to simulation, such as inexpensively testing a product and fostering a
greater understanding of the system and its progression through time and space [7].
When designing a new prototype or product, there are always many different
design options. It would not be feasible to manufacture each design and test it due to
expense and time. Simulation creates this testing environment when testing the physical
system is difficult. In the example of a clothes dryer, prototypes of various dryer designs
can be created and built without the need for physical hardware. These designs could
feature different blower placement (upstream vs downstream to the drum), more efficient
heater design, etc. For an academic lab, building multiple dryer prototypes costs money
and time, both of which are often scarce commodities. A simulation of the dryer done
through software is much less costly and time consuming and defects can be pinpointed
and fixed easily [7]. Because of these savings, more prototypes can be developed in a
shorter amount of time.
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Another advantage to simulation is that it produces a more holistic understanding
of the system when compared to purely theoretical calculations. Simulation forces one to
“build” the system which helps one to understand the system better [7]. Sometimes
systems are so complex that studying theory is not enough. One of the best ways to
understand something is to build it and interact with it. Yes, the system has already been
built and created in the physical world, but it is still the simulator’s job to build it in the
virtual world. The dryer uses several complex physical processes like heat transfer and
mass transfer that are not easily seen through visual observation. These processes can be
better understood through creation of a simulation.
The simulation also can run in time and move through space, just as a physical
system can. This allows for realistic modeling since systems change over time and
through space [7]. A simulation can compress time, leading to shorter test times. Instead
of having to wait an hour for a dryer cycle, the simulation can run the same cycle in a
matter of seconds. Another advantage is that a simulation can provide access to
measurements that would be unattainable in a physical test, due to sensor limitations
(such as the amount of heat lost from a dryer drum to its environment).
As with all testing techniques, there are some drawbacks to simulation. Because
simulation is virtual, there will always be modeling simplifications of complex
phenomenon. These “simplifying assumptions” can create errors in the model [8].
Simulations are also limited by the software that they are run on [8]. If the simulator does
not have a numerical solver precise enough for the simulation then there will be errors.
These errors could be negligible, or they could also cause serious problems for the
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simulation and produce inaccurate results. This is why it is important to validate the
model with experimental results.
Dymola: The simulation software
The software used in this project for the clothes dryer’s model and simulation is
Dymola. Dymola is a multi-engineering simulation software that uses the Modelica
language. Multi-engineering means that various engineering disciplines such as electrical,
mechanical, thermodynamics, etc. can be modeled together. The text-based Modelica
language can be used on its own for multi-engineering modeling, but Dymola provides a
user-friendly interactive and graphical environment to make the modeling process easier
and more efficient. Dymola is an ideal simulation software for the following reasons [9]:
1) It is graphical, which promotes an intuitive understanding of complex systems and
permits modular design. The drag-and-drop nature of object-oriented programming is
more learner-friendly and user-friendly than text-based simulation programming
options, such as MATLAB, which use purely mathematical modeling.
2) It is acausal, meaning that not only can the simulation calculate the resulting outputs
for a given set of inputs, but it can also determine the input(s) necessary to provide
the desired outputs. This is a useful capability for product development when the
desired outputs are defined first and it is up to the engineer to determine the
corresponding inputs. This is in contrast to other simulation software like Simulink
that can only model from input to output.
3) It has real-time, 3D animation capabilities, which allows visualization of the
numerical results of the simulation in real clock time.

6

4) It has a robust numerical solver. Its solver has been optimized for solving differential

algebraic equations (DAEs), which are the foundations of most lumped systems. This
is made possible through Dymola’s symbolic computational solver. Symbolic
computation uses variables to represent numbers, instead of floating points like
traditional numerical computation technique uses. Symbolic computation can replace
a calculation with a variable and thus only perform the calculation once at the
beginning of the program, instead of having to perform it each time it appears in the
code. In addition, symbolic computation can simplify equations to optimize runtime
performance. This results in faster computation time that can result in real-time
simulation.
5) It is open-source, which means that libraries can be modified and new libraries can be

built by users and used for free, unlike many other leading modeling software.
The Drying Process
Relatively speaking, the clothes dryer is a simple appliance. Its primary task is to
remove water from clothes. It does this by moving hot air over the clothes, while rotating
the clothes in a drum (Fig. 2). For the chosen dryer for this model, air is sucked in
through an inlet pipe at the front of the dryer (the fan which creates this suction is located
after the lint filter) (Fig. 3). This inlet air then flows over a resistive heating element that
warms the air and then moves it up a vertical pipe and into the rotating drum. The air then
flows over the clothes and transfers heat to the clothes, evaporating water from the
clothes. This evaporated water, along with the flowing air, moves out of the drum,
through a lint filter to collect particles, and out through the exhaust pipe. Fig. 4 shows a
laid-out diagram of the dryer.
7

Figure 2: Schematic of dryer [6]

Figure 3: Air circulation path through dryer
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Figure 4 [10]: Another view of air circulation through dryer

The physics behind the dryer’s drying process is slightly more complex, however.
It is a nonlinear, time-varying process that relies heavily on initial conditions, such as
initial load and mass type and temperature of clothes and surrounding air. The drying
process in the dryer consists of two fundamental processes: heat and mass transfer. Heat
transfer introduces heat into the clothes to evaporate the water. Mass transfer moves the
newly created water vapor out of the clothes, into the drum air, and then out of the drum
through the exhaust pipe. A brief discussion of heat and mass transfer follows.
Heat transfer deals with the rate at which energy, or heat, is transferred through an
object. The study of heat transfer in a clothes dryer is important because an energy
efficient clothes dryer wants to use the smallest amount of energy to dry the clothes, in
the quickest amount of time, while also minimizing any heat damage done to clothes.

9

Heat transfer can occur in three different ways:


Convection



Conduction



Radiation

Conduction is transfer of heat through a solid substance. Heat in a solid uses the
temperature gradient to move from the warmer region to the cooler region. For example,
sticking a metal poker into a fire and feeling the poker’s handle warm up is conduction.
Convection is the transfer of heat between a moving fluid and a solid. Standing in front of
a fire to warm yourself is an example of convection. Convection occurs in two ways:
forced convection and natural convection. In forced convection, an external source
produces fluid motion. In natural convection, buoyancy effects due to density and
temperature differences in the air cause fluid motion. Radiation is energy transfer through
electromagnetic waves or photons. A crackling fire giving off light is a form of radiation.
Radiation can have a significant effect when combined with conduction or natural
convection, but is usually disregarded in the case of forced convection.

10

Figure 5: The 3 different types of heat transfer [11]

For this dryer model, forced convection is the only heat transfer type that will be
considered. Conduction also contributes a small amount of heat transfer through the heat
dispersion in the clothes and drum, but this is neglected in this model. Radiation will also
be considered insignificant.
Convection’s heat transfer equation is given by
𝑄̇𝑐𝑜𝑛𝑣 = ℎ𝑐𝑜𝑛𝑣 𝐴(𝑇𝑠 − 𝑇∞ )

[1]

where Q̇ conv is the rate of heat transfer, hconv is the convection heat transfer coefficient, A
is the surface area affected by the heat transfer, Ts is the surface temperature and T∞ is the
temperature of the fluid sufficiently far from the surface. Fig. 6 shows the convection
heat transfer equation in Dymola. The convection block uses the Ts, Tinf, and hA inputs
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to calculate the heat. The heatFlowSensor measures this calculated heat and outputs it as
Q_flow (Q_flow is Q̇conv ).
hconvA

Figure 6: Convection heat transfer equation in Dymola

Mass transfer, under certain circumstances, is analogous to heat transfer. Mass
transfer occurs primarily through diffusion and mass convection. Diffusion is the transfer
of mass between two non-moving objects. Mass convection is the transfer of mass
between a surface and a moving fluid, just as in heat convection. Just as heat transfer is
driven by a temperature difference, mass transfer is driven by concentration difference.
For the case of the dryer, mass transfer is primarily a result of mass convection. The
clothes’ surface interacts with the moving air to transfer water vapor out of the clothes
and into the air. The mass convection equation is given by
𝑚̇𝑐𝑜𝑛𝑣 = ℎ𝑚𝑎𝑠𝑠 𝐴𝑐𝑙 (𝐶𝑠 − 𝐶∞ )
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[2]

where ṁconv is the rate of mass transfer, hmass is the mass transfer coefficient, Acl is the
effective surface area of the clothes, and Cs – C∞ is the concentration difference of water
vapor on the surface and significantly far away from the surface. A mass transfer library
is not available in the standard Dymola library. Because the mass convection transfer
equation and the convection heat transfer equation are fundamentally the same however,
the convection heat transfer blocks can be substituted (Fig. 7). The convection block
calculates the m_flow, using the inputs of Cs, Cinf, and hA.
hmassA

m_flow

Figure 7: Convection mass transfer equation in Dymola

The mass transfer equation can also be written using the form shown in Eq. 3.
𝑚̇𝑐𝑜𝑛𝑣 = ℎ𝑚𝑎𝑠𝑠 𝜌𝐴𝑐𝑙 (𝑤𝑠 − 𝑤∞ )

[3]

This form uses the difference between the dimensionless mass fractions, 𝑤𝑠 − 𝑤∞ , along
with 𝜌, the average density of the fluid (water). In our case, the mass fractions can be
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substituted with mixing ratios (mixing ratio is also dimensionless (kg/kg)). The
combination ℎ𝑚𝑎𝑠𝑠 𝜌 is called mass transfer conductance, hm,cond.2
Because the drying process evaporates water into water vapor which then moves
out of the clothes, the heat and mass transfer equations must be considered
simultaneously. Because evaporation occurs at constant temperature, the amount of
energy put into the clothes through heat is equal to the amount of energy leaving the
clothes through water vapor.
Q̇evap = 𝑚̇v ℎ𝑓𝑔

[4]

where 𝑚̇v is the rate of evaporation and ℎ𝑓𝑔 is the latent heat of vaporization of water at
the surface temperature. This energy equilibrium due to evaporation can be seen in Fig. 8
from Deans’ [4] experimental results for a 4.16 kg dry load of clothes (8.318 kg wet).
The yellow curve shows the change in clothes’ temperature during the drying time. The
clothes absorb heat from the warm air for about 10 minutes. After this time, the
temperature of the clothes remains steady until around 110 minutes have passed. This flat
portion in the curve represents the evaporation of water from the clothes. All of the heat
going into the clothes is used for the evaporation process, instead of raising temperature.
Once the clothes are dry, the temperature begins to increase again. These different parts
of the drying process can be divided into three different phases: the warm-up phase
(Phase I), the evaporation phase (Phase II), and the heating phase (Phase III). Phase 1 in
Fig. 8, heats the clothes so that evaporation can begin. During the evaporation phase,

2

Heat and Mass Transfer Fundamentals and Applications by Cengel & Ghajar, 5th ed., provides more
information on the mass transfer conductance term.
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Phase II, all heat goes into the evaporation process. During Phase III, the clothes are
relatively dry and the majority of the heat now goes to solely heating the fabric.

Figure 8: Clothes temperature during drying cycle for 8.318 kg wet load [4]

Our Model
This model models a clothes dryer and the drying processes of heat and mass
transfer in the dryer. The model is a system defined as the drum of the dryer and the
energies, primarily thermal energies, which enter and exit the drum. The inputs to the
system are inlet temperature, 𝑇𝑖𝑛 , exhaust temperature, 𝑇𝑒𝑥 , inlet mixing ratio, 𝑤𝑖𝑛 , and
the exhaust mixing ratio, 𝑤𝑒𝑥 , and the load size (initial weight of wet clothes). These first
15

four values are all experimentally determined and the load size is given. The outputs are
the temperature of the clothes, 𝑇𝑐𝑙 , and the water content of the clothes, 𝑥. Using the
temperature and the water content of the clothes, the dryness of the clothes is determined
(i.e. low moisture content and increase in clothes temperature signals dry clothes).

Figure 9: Inputs and Outputs of Drying Model

Assumptions
This model makes the following assumptions:


Conduction and radiation heat losses are considered negligible



Clothes are thin, thus water interaction only occurs between air and
clothes surface (i.e. there is no water movement inside clothes)



The model does not account for the motion of the clothes



The model does not account for turbulence in the air motion or air leakage

16

CHAPTER 2
METHODS

The mathematical models for heat and mass transfer used in this project are the same
that were used in the earlier MATLAB model from the Energy Systems Lab [6]. These
models are interdependent; the temperature of the clothes (found from the heat transfer
model) is an input to the mass transfer equation, and the water content (found from the
mass transfer model) is an input to the heat transfer equation. The mass transfer also
relies on the previous water content, x(t-1), to calculate the current water content, x(t). A
diagram for these equations’ relationship is shown in Fig. 10. Because this relationship
would be quite difficult to calculate by hand, modeling in Dymola is called for.

Figure 10: Heat and Mass Transfer Block Relationship
17

The heat transfer model is founded on the law of energy conservation, with energy
entering the inlet of the dryer drum and energy exiting the exhaust of the drum. Ideally,
𝐸̇𝑖𝑛 − 𝐸̇𝑒𝑥 = 0

[5]

Not all of the inlet energy makes it to the outlet however. Energy transfer into the
clothes, drum, and drum air, energy used for evaporation, and energy losses to the
environment also must be accounted for.
𝐸̇𝑖𝑛 − 𝐸̇𝑒𝑥 − 𝑄̇𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 − 𝑄̇𝑙𝑜𝑠𝑠 − 𝑄̇𝑒𝑣𝑎𝑝 = 0

[6]

Ideally in a clothes dryer, all of the inlet energy would go into the evaporation
process, 𝑄̇𝑒𝑣𝑎𝑝 . This unfortunately does not occur. Energy is lost through the drum
(𝑄̇𝑙𝑜𝑠𝑠 ), and some energy (especially in the latter portion of the drying cycle) is not
required for evaporation and instead just heats the clothes and the drum (𝑄̇𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 ). This
heating of the clothes is a waste of energy and can damage the fabrics.
𝑄̇𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 is defined as the summation of the heat transferred into the drum and
any heat not used for evaporation that is transferred to the clothes and water inside the
clothes.
𝑑𝑇
𝑑𝑇
𝑑𝑇
𝑄̇𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 = 𝑐𝑝,𝑑𝑟𝑢𝑚 𝑚𝑑𝑟𝑢𝑚 𝑑𝑟𝑢𝑚
+ 𝑐𝑝,𝑐𝑙 𝑚𝑐𝑙 𝑑𝑡𝑐𝑙 + 𝑐𝑝,𝑤𝑎𝑡𝑒𝑟 𝑚𝑤𝑎𝑡𝑒𝑟 𝑤𝑎𝑡𝑒𝑟
𝑑𝑡
𝑑𝑡

[7]

All material in the drum, including the water and the clothes, is assumed to be at the same
temperature during the drying process.
𝑑𝑇𝑑𝑟𝑢𝑚
𝑑𝑡

=

𝑑𝑇𝑤𝑎𝑡𝑒𝑟
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𝑑𝑡

=

𝑑𝑇𝑐𝑙
𝑑𝑡

[8]

Eq. 7 can then be rewritten, summing the products of the specific heat and mass of drum
and clothes since all these values are constants.
𝑑𝑇
𝑄̇𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 = (∑ 𝑐𝑝 𝑚 + 𝑐𝑝,𝑤𝑎𝑡𝑒𝑟 𝑚𝑤𝑎𝑡𝑒𝑟 ) 𝑑𝑡𝑐𝑙

[9]

𝑄̇𝑒𝑣𝑎𝑝 , as shown in Introduction, is equal to the product of the mass flow rate of the water
and the water’s latent heat of vaporization, Q̇evap = 𝑚̇v ℎ𝑓𝑔 . 3
Eq. 6 can now be further expanded as

𝑚̇𝑎𝑖𝑟 𝑐𝑝,𝑎𝑖𝑟 (𝑇𝑖𝑛 − 𝑇𝑒𝑥 ) − (∑ 𝑐𝑝 𝑚 + 𝑐𝑝,𝑤𝑎𝑡𝑒𝑟 𝑚𝑤𝑎𝑡𝑒𝑟 )

𝑑𝑇𝑐𝑙
− ℎ𝐴𝑑𝑟𝑢𝑚 (𝑇𝑐𝑙 − 𝑇𝑎𝑚𝑏 )
𝑑𝑡

− 𝑚̇𝑤𝑎𝑡𝑒𝑟 ℎ𝑓𝑔 = 0
[10]
Eq. 11 is then solved for 𝑇𝑐𝑙 . With a typical text-based solver, this equation is
complex to solve. With Dymola however, it is more easily obtained using object and a
drag-and-drop method. Mathematical blocks and heat transfer blocks combined with a
feedback loop, are used to design the model shown in Fig. 11. The Dymola depiction is

3

Latent heat of vaporization is calculated in the model using the specific enthalpy of water vapor
calculation (found at EngineeringToolbox.com): ℎ𝑓𝑔 = 𝑐𝑝,𝑣𝑎𝑝𝑜𝑟 𝑇𝑊𝐵 + ℎ𝑊𝐸 where 𝑐𝑝,𝑣𝑎𝑝𝑜𝑟 is the specific
heat of water vapor at constant temperature, 𝑇𝑊𝐵 is the wet bulb temperature, and ℎ𝑊𝐸 is the evaporation
heat of water at 0ºC. This calculation assumes constant pressure conditions in the drum.
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seen in Fig. 12. The expressions in the colored blocks in Fig. 11 correspond to the
expressions in the similarly colored shapes in Dymola in Fig. 12.

Figure 11: Sketch of heat transfer model
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Figure 12: Dymola Clothes Temperature Model

𝑇𝑖𝑛 and 𝑇𝑒𝑥 are experimental data inputs. Using these two sets of data in the
mathematical model, the clothes temperature, 𝑇𝑐𝑙 , is calculated. The block labeled “Mass
Model” is the mass transfer model that is discussed next. Some parameters of the Dymola
model were defined in the partner text window of the software (all Dymola programming
can be done in the object window, Fig. 12, but some calculations are easier to perform in
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text, Fig. 13). For example, the block 𝑄̇𝑒𝑣𝑎𝑝 is defined in the text window (defined near
the bottom of Fig. 13).

Figure 13: Dymola clothes temperature model text-visualization

The corresponding mass transfer equation used in the MATLAB model [6] was
adapted from Tranxuan and Deans’ mathematical model [5]. They begin with the simple
mass transfer equation of
𝑚̇𝑤𝑎𝑡𝑒𝑟 =

where

𝑑𝑥
𝑑𝑡

𝑑𝑥
𝑑𝑡

𝑚𝑐𝑙 = ℎ𝑚,𝑐𝑜𝑛𝑑 𝐴𝑐𝑙 (𝑤𝑚 − 𝑤∞ )

[11]

is the rate of change of water content in the clothes (ratio of water to dry

clothes) and (𝑤𝑚 − 𝑤∞ ) is the difference between the mixing ratios of saturated water
(clothes-water surface) and the mixing ratio sufficiently far from the surface. The mixing
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ratio of saturated water is a function of temperature, in this case, clothes temperature:
𝑤𝑚 (𝑇𝑐𝑙 ). A lookup table of temperatures and their corresponding saturated water mixing
ratios is used in the model to find the correct saturated water mixing ratio for the varying
temperatures of the clothes [12].
To reduce the reliance on experimentally-found coefficients, the ℎ𝑐𝑜𝑛𝑑 mass
transfer coefficient was removed by using a modified Lewis number relationship. A
Lewis number characterizes fluid flows when there is both convective heat and mass
transfer. The convective heat transfer coefficient, ℎ𝑐𝑜𝑛𝑣 , and mass conductance transfer
coefficient, ℎ𝑚,𝑐𝑜𝑛𝑑 (recall that ℎ𝑚,𝑐𝑜𝑛𝑑 = ℎ𝑚𝑎𝑠𝑠 𝜌), can be related using a modified
Lewis number created by Tranxuan and Deans [5:1036].
𝐿𝑒′ =

ℎ𝑐𝑜𝑛𝑣
ℎ𝑚,𝑐𝑜𝑛𝑑 𝑐𝑝,𝑣𝑎𝑖𝑟

[12]

where 𝑐𝑝,𝑣𝑎𝑖𝑟 is the specific heat of moist air. Thus the mass transfer equation can be
rewritten as
𝑑𝑥
𝑑𝑡

=𝑚

ℎ𝑐𝑜𝑛𝑣 𝐴𝑐𝑙

𝑐𝑙 𝑐𝑝,𝑣𝑎𝑖𝑟 𝐿𝑒′

(𝑤𝑚 − 𝑤∞ )

[13]

Tranxuan and Dean determine 𝐿𝑒′ to be a constant, 𝐿𝑒′ = 0.9. This is the value used in
the MATLAB model and the Dymola model.
This model was changed slightly in the MATLAB model to produce more
accurate results [6]. First, 𝑤∞ was replaced with an average of the inlet and exhaust
mixing ratios,

𝑤𝑒𝑥 +𝑤𝑖𝑛
2

, since the air inside the drum is a mixture of the inlet and the

exhaust air. Second, 𝑤𝑚 was multiplied by a water activity value, k. Water activity is a
ratio of the amount of the material’s water that is available to be transferred to its
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surroundings to the amount of pure water present in the material (water activity of pure
water = 1.0). It is a ratio of the partial vapor pressure of the material to the partial vapor
pressure of pure water. Water activity depends on the material that the water is in, in this
case, fabric material like cotton, polyester, etc. [13]. Water activity is normally
determined experimentally. Fig. 13 shows water activity curves for several different
fabric types from Yi [6].

Figure 14: Water activity coefficients for various fabric types at 30ºC

Thus, the mass transfer equation is rewritten as
𝑑𝑥
𝑑𝑡

ℎ𝑐𝑜𝑛𝑣 𝐴𝑐𝑙

=𝑚

𝑐𝑙 𝑐𝑝,𝑣𝑎𝑖𝑟 𝐿𝑒

(𝑘𝑤𝑚 −

𝑤𝑒𝑥 +𝑤𝑖𝑛
2

)

[14]

Deans [4] and Lambert [14] both suggested mathematical models for representing
water activity, k. A similar mathematical model was created by Yi [6], which is used in
the MATLAB model. Yi’s model for the water activity, k, relies on water content and
clothes temperature.
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𝑘(𝑥, 𝑇𝑐𝑙 ) = 1 − 𝑒 (−𝛼∗𝑥(𝑡)∗ℎ𝑓𝑔/𝑘𝐵∗𝑇𝑐𝑙)

[15]

Because the Dymola model seeks to replicate the MATLAB model, water activity
was calculated using Eq. 15’s model.
Fig. 15 shows a graphical outline of the mass transfer equation. Fig. 16 shows the
mass model set up in Dymola. Again, the block colors used in Fig. 15 correspond to the
colors used in Fig. 16. Fig. 17 shows the text window.

Figure 15: Sketch of mass transfer equation
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Figure 16: Mass model in Dymola

Figure 17: Mass model code
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CHAPTER 3
RESULTS
To validate the Dymola models, two different load types and three different sizes
were simulated for a total of 6 tests. The two load, or fabric, types used were a 100%
cotton and a mixed, 35/65% cotton/polyester blend. The simulation results (clothes
temperature and water content of clothes over time) were compared against both the
MATLAB models and experimental data.
Figs. 18 and 19 show two of the experiments run on 4 kg mixed and 4 kg cotton
loads, respectively (a full catalog of simulation images is found in Appendix A). The
mixed load consisted of 35% cotton/65% polyester and the cotton consisted of 100%
cotton fabric. Both loads were dried until they were at 5% water content.
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Figure 18: Comparison of Dymola and MATLAB simulation and experimental results for
4 kg mixed load
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Figure 19: Comparison of simulation and experimental results for 4 kg cotton load
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Dymola and MATLAB Comparison Discussion
As seen in Figs. 18 and 19, the Dymola and MATLAB simulation results are very
similar, as they should be. Percent error between Dymola and MATLAB was calculated
at each data point and an average of these percent errors was then calculated. This was
done so that the average difference between the Dymola and MATLAB models could be
easily interpreted. Percent error was calculated as
% 𝑒𝑟𝑟𝑜𝑟 =

𝑀𝐴𝑇𝐿𝐴𝐵 𝑉𝑎𝑙𝑢𝑒−𝐷𝑦𝑚𝑜𝑙𝑎 𝑉𝑎𝑙𝑢𝑒
𝑀𝐴𝑇𝐿𝐴𝐵 𝑉𝑎𝑙𝑢𝑒

[16]

The Dymola simulations for clothes temperature together had an average error of 3.6%
compared to the MATLAB simulations while Dymola’s water content in clothes had an
average error of 8.1% compared to MATLAB. Table 1 and Table 2 display the percent
error calculations for the simulations and the experimental results. Alpha, α, is included
because it is a property parameter that was changed for each load type in order to better
match the water content curve (recall Eq. 15).
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Fabric Type and
Size
Cotton, 2.8 kg
Cotton, 4 kg
Cotton, 6 kg
Mixed, 2.8 kg
Mixed, 4 kg
Mixed, 6 kg

Alpha
0.71
0.25
0.9
0.6
0.8
2

DymolaMATLAB
Temperature
Error (%)
1.93
8.44
1.43
2.62
2.22
5.02

Table 1: Percent Errors between Dymola and MATLAB temperature simulations

Fabric Type and
Size
Cotton, 2.8 kg
Cotton, 4 kg
Cotton, 6 kg
Mixed, 2.8 kg
Mixed, 4 kg
Mixed, 6 kg

Alpha
0.71
0.25
0.9
0.6
0.8
2

DymolaMATLAB Water
Content Error
(%)
6.24
4.59
4.89
10.8
8.74
13.09

Table 2: Percent Errors between Dymola and MATLAB water content simulations

There could be several reasons for these percent differences between Dymola and
MATLAB. All measured data arrays were filtered before being used in the simulations.
The filters used in Dymola and MATLAB were similar, but not identical. This may cause
slight differences in input data values. Differences in the numerical solvers of Dymola
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and MATLAB could have also impacted the simulation calculations. These differences
are considered negligible, however.
Dymola and Experimental Comparison Discussion
The clothes temperature was measured experimentally using an IR gun to measure the
temperature of the dryer drum (recall drum temperature and clothes temperature are
assumed to be the same). A scale was used to measure the weight of the clothes as they
dried. Water content was calculated from these weight values.
Figs. 18 and 19 also show the results of both experiments and their corresponding
simulations. For all simulations, the clothes temperature results for Phases I and II of the
drying process (recall Fig. 8) closely follow the experimental results. However, in Phase
III, when the evaporation process is primarily finished, the simulation results begin to
deviate from the experimental results. Fig. 20 shows a visual of this (Phases II and III are
divided at 10% water content). Table 2 gives the percent error differences between the
phases. These percent errors are calculated as
% 𝑒𝑟𝑟𝑜𝑟 =

𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝑉𝑎𝑙𝑢𝑒−𝐷𝑦𝑚𝑜𝑙𝑎 𝑉𝑎𝑙𝑢𝑒
𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝑉𝑎𝑙𝑢𝑒
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[17]

Figure 20: Comparison of simulation and experimental results within the different phases

Fabric Type and
Size

Cotton, 2.8 kg
Cotton, 4 kg
Cotton, 6 kg
Mixed, 2.8 kg
Mixed, 4 kg
Mixed, 6 kg

Alpha

0.71
0.25
0.9
0.6
0.8
2

Dymola-Experimental Clothes
Temperature Error(%)
Phases I & II
9.3
8.2
4.9
6.1
5.4
4.1

Phase III
40.5
14.1
32.5
28.8
26.6
15.9

Table 3: Percent Error between Dymola and Experimental for Separate Phases

The average percent error for Phases I and II is 6.3% while the average percent error
for Phase III is 26.4%
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These results imply that the model is a good predictor of clothes temperature during
Phases I and II of the drying process, but more development must be done to accurately
predict Phase III. The models however, are not the only error sources to consider. While
the model could be inaccurate, the drum temperature readings may not be an accurate
representation of the clothes’ temperature throughout the entire process.
The water content of the clothes appears to be relatively accurately modeled by
Dymola for all load types and fabrics. Table 3 shows percent error calculations. However,
for the 4 kg cotton (Fig. 18), this model is less on target. This may be due to an incorrect
water activity calculation in the model. This may also be due to inaccurate readings using
the physical scale. Because the clothes are in constant motion during the drying process,
it is difficult to obtain an accurate weight measurement in real-time.

Fabric Type and
Size
Cotton, 2.8 kg
Cotton, 4 kg
Cotton, 6 kg
Mixed, 2.8 kg
Mixed, 4 kg
Mixed, 6 kg

Alpha

DymolaExperimental Water
Content Error (%)

0.71
0.25
0.9
0.6
0.8
2

17
28.6
14
23.8
13.6
34.8

Table 4: Percent Error between Dymola and Experimental for Water Content

The Dymola appears to be similarly accurate for both the cotton and mixed fabric
types. Further testing is required to validate the model for other types of fabric. Despite
inaccuracies in the model, Dymola provides a useful model to estimate the temperature
34

and water content of the clothes during the drying process. It is hoped that these models
can continue to be improved in order to create the most accurate modeling results.
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CHAPTER 4
DISCUSSION
Dymola has provided an easy-to-use, validated mathematical model to predict
Phases I and II of the drying process. As with all models, there is room for improvement,
especially in Phase III of the drying process. In addition, further testing, using different
types of clothes material, should be performed to see how the model performs. More
precise physical measurements for clothes temperature and water content would also
provide more accurate data. Instead of using an IR gun to measure the drum temperature,
temperature sensors that can be sewn onto the fabric and wirelessly transmit
measurement data could be used. An algorithm to filter the weigh scale data for more
accurate clothes weight measurements should also be developed.
Future Goals
It is the hopes of the lab that the mathematical model will eventually be used as a
plant model in a closed-loop control system to control the dryer in real time. Fig. 20
shows the architecture of this system. This control system would optimize the drying
process in real time, by changing control variables such as blower speed and the power to
the heater. These controls would vary the air flow and inlet temperature of the drum,
respectively. By changing air flow and inlet temperature, the evaporation rate and the
clothes temperature would vary. Because sensors create added cost to the dryer and are
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impractical for the commercial, economical dryer, physical sensors cannot be used. To
approximate how the evaporation rate and clothes temperature would change, an
estimator can be used. The Dymola model is the Estimator. The Dymola model estimates
the rate of mass change of the water and clothes temperature. These estimated values then
feed back into the optimizer block to determine the optimum blower speed, drum speed,
and heater power for maximum energy efficiency. This control loop ensures the desired
air flow in the presence of various load and environmental conditions.

Figure 21: Control system to optimize dryer performance

The Energy Systems Lab succeeds in energy efficiency research through constant
innovation and flexibility. This Dymola model creates a foundation for this energy
efficiency research for residential clothes dryers. This research also functions as a pilot
project to assess the suitability of Dymola. This project demonstrates that the Dymola
modeling environment is adaptable and well-suitable for multi-physics processes. It also
indicates that Dymola can be used as a learning tool in courses such as a heat and mass
transfer course.
Reflections
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From this project, I have gained insight into the complex interaction between heat
and mass transfer inside a dryer. Through modeling in particular, I have learned that
attempting to model physical phenomena is challenging and can never be officially
deemed “complete.” There are always assumptions that must be made to simplify the
model, and there is always the concern that a calculation or assumption was made
incorrectly. The dryer model that I produced in Dymola is not flawless, as discussed in
the Results section, but it does provide a foundation for future scholars to explore it and
change it. After all, the purpose of a model is its flexibility to change.
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APPENDIX A: SIMULATION AND EXPERIMENTAL RESULTS

Experimental data was collected using a Whirlpool Duet dryer. Inlet and exhaust
temperature and humidity were recorded using Vaisala temperature and humidity sensors
at the inlet and exhaust pipes of the dryer. These measurements were then acquired by the
data acquisition software, dSPACE. These are the measurements that are used as inputs
to the model. Measurements of clothes weight and clothes temperature were also
recorded. These measurements are what the simulation results are compared to. Clothes
weight was measured by using a scale that took weight measurements at 2 minute
intervals. Similarly, an IR gun recorded temperature of the dryer drum at 2 minute
intervals. The drum temperature was measured at 3 different locations: on both right and
left side of the drum, as well as in the middle of the drum. These 3 measurements were
then averaged together to obtain a clothes temperature estimate.
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